where T A i , S i and m i are the color generator, spin and mass of the ı th quark, N c is the number of colors, and the sum is over all pairs. The constant κ depends on the wave function of the hadron, and may be different for mesons and baryons. H has an overall factor of 1/N c , since the gluon coupling constant is of order 1/ √ N c . The pseudoscalar and vector mesons P Q and P * Q are bound states of a heavy quark Q and a light antiquark q in a color singlet state, with spin zero and one, respectively. The hyperfine interaction Eq. (1) in the meson sector can be written in the form
For the vector meson P * Q , (S Q +S q ) 2 = 2, and for the pseudoscalar meson P Q , (S Q +S q ) 2 = 0. The color factors can be written in terms of quadratic Casimirs defined by
for the SU (N c ) representation R. This gives the hyperfine splitting
where the irreducible representations of SU (N c ) are denoted by Young tableaux.
The hyperfine interaction Eq. (1) in the baryon sector can be written in the form
where the first term is the interaction of the heavy quark with the light quarks, and the second term is summed over all light quark pairs. The last Casimir is that of the two-index antisymmetric tensor, because any two quarks in a baryon are antisymmetric in color. The spin of the light degrees of freedom is the spin of the light quarks,
where H ℓ is the interaction energy of the light degrees of freedom. H ℓ is of order one, since all the explicit N c dependence has been factored out. The Σ Q and Σ * Q have light degrees of freedom in identical quantum states so that H ℓ cancels in the mass difference. Using
, with s Q = 1/2, s ℓ = 1, and s Q + s ℓ = 1/2 for the Σ Q and s Q + s ℓ = 3/2 for the Σ * Q , gives
The Λ Q state is a spin-1/2 baryon with the spin of the light degrees of freedom s ℓ = 0, so the first term in Eq. (6) does not contribute to the Λ Q mass. The first term in Eq. (6) also cancels out of the average mass of the Σ Q , Σ *
where ∆H ℓ is the difference in interaction energies of the light degrees of freedom in the Λ Q and Σ Q , Σ * Q . The Casimirs are trivial to compute using standard techniques of group theory [6] ,
The color factor for the mesons is
and for the baryons is
Thus, in the large N c limit, the hyperfine splittings are
The P * Q − P Q mass difference is of order 1/m Q , the Σ * Q − Σ Q mass difference is of order (1/N c )(1/m Q ), and the (Σ Q ) avg − Λ Q mass difference is of order 1/N c .
The Σ * Q − Σ Q and (Σ Q ) avg − Λ Q mass differences can be computed in the Skyrme model, in which baryons containing a heavy quark are treated as soliton-heavy-meson bound states. The formulae that are needed from earlier work are summarized here; the details can be found in Refs. [3] [4]. The P Q and P * Q states are combined into a heavy meson field
where a = 1, 2 denotes the Qu and Qd states, and v µ is the heavy quark four-velocity. The transformation rule for the H field under SU (2) Q heavy quark spin symmetry is
where S ∈ SU (2) Q , and the transformation rule under chiral
where we use the primed basis for the H fields defined in Ref. [3] . The Goldstone boson
The Σ field can be written in terms of the pion fields as
where M is the Goldstone-boson matrix
and the pion decay constant f ≈ 132 MeV. The soliton solution of the
where
and A ∈ SU (2) is the collective coordinate associated with isospin transformations of the soliton solution Σ 0 . The radial shape function F (r) satisfies F (0) = −π and F (∞) = 0 for a soliton with baryon number one. In the quantum theory, baryons have wavefunctions that are functions of the matrix A ∈ SU (2). The wavefunctions are
for a state with isospin I = R, I 3 = a, J = R, and J 3 = m. The matrices D (R) are the representation matrices for SU (2), and we have normalized the measure on the SU (2) group so that
In QCD, the only soliton states in the theory are those with 2I = 2J = odd.
In the large N c limit, the soliton is very heavy, and the semiclassical approximation is valid. Each time derivative is suppressed by a factor of 1/N c , and can be neglected to leading order in N c . The interaction hamiltonian to leading order in N c and in the spatial derivative expansion is
with Σ given by Eq. (19). In the limit that the H field is very heavy, the interaction energy is determined by the value of Eq. (23) with the H field at the origin [3] . Using the expansion
in Eq. (23) gives the interaction hamiltonian [3] [4]
where I H and S ℓH are the isospin and spin of the light degrees of freedom of H. 
The two |1 1 states which are the eigenstates of H I in Eq. (26) are
with energies −3gF ′ (0)/2 and gF ′ (0)/2, respectively. The state |1 1 0 when combined with the heavy quark in H is the Σ Q , Σ * Q multiplet, and |1 1 1 combined with the heavy quark is an unbound exotic multiplet. The subscript on the | states is the eigenvalue of K = I + S ℓ ; the significance of K is discussed in detail in Ref. [4] . The Λ Q has I = s ℓ = 0.
The only state in the soliton-meson spectrum with the correct quantum numbers is in the nucleon sector, |0 0; N . The interaction energy of this state due to the hamiltonian Eq. (25) is −3gF ′ (0)/2 [3] . The state |0 0; N has K = 0, and will also be denoted by
The Σ * Q , Σ Q and Λ Q states are obtained by combining the spin of the light degrees of freedom with the spin of the heavy quark. Since spin states with different values of s 3 all have the same mass, only the Σ * Q state with s 3 = 3/2, the Σ Q state with s 3 = 1/2, and the Λ Q state with s 3 = 1/2 are needed to determine the energies, 
where ∆M is the ∆ − N mass difference, and is of order 1/N c . The eigenstate of Eq. (29) that (combined with the heavy quark states) produces the Σ Q , Σ * Q multiplet and reduces to |1 1 0 in the limit ∆M → 0 is
where heavy quark in H can be reexpressed in terms of P and P * mesons,
where P * Q , m is the P * Q meson with s 3 = m. Combining Eqs. (28)-(33), gives
The leading operator in the derivative expansion which breaks the heavy quark symmetry is
which yields a P * Q − P Q mass difference −8λ 2 /m Q . The Σ * Q , Σ Q , Λ Q masses including Eq. (35) can be read off directly from the expressions for the states in Eq. (34),
where the coefficient a 2 is the probability that Σ * Q contains a nucleon, 3b 2 /8 is the probability that Σ * Q contains a P Q , etc. The mass differences are 
violates the heavy quark symmetry, and destroys the equality between the P * Q P * Q π and P * Q P Q π coupling constants. This operator will produce a Σ * Q − Σ Q mass difference proportional to (λ π /m Q )(∆ − N ). The operator L 2 has one space derivative, whereas L 1 in Eq. (35) has no space derivative. If the derivative expansion is valid, the contribution of 
